1. Introduction {#sec1}
===============

Over the last decades, phenomenal economic development has been observed worldwide. Industrialization, agricultural expansion, and urbanization have caused an increment of water and different toxic chemical usage. This rapid development has resulted in the widespread contamination of vegetables and soil and fouling of water bodies up to a high vastness. Water pollution is an extremely persistent problem and has evolved gradually in the past decade. Wastewater treatment is eliciting considerable attention because of the increasing water pollution. Industrial effluents from the metal, plastic, food, and pharmaceutical industries are important causes of water pollution because most industrial wastewaters contain several hazardous and noxious pollutants, such as phenols, which are extremely harmful to living things. The reorganization of these types of problems and discovering the necessary preventative applications generally take a considerable period of time. The first manifestation of water pollution causing water to stink and the waste disposal of industries were reported within overcrowded cities. Annually, the production of dye is ∼2 million tons worldwide because of its usage in several industries, such as plastic, food, paper, textiles, cosmetics, inks, and pharmaceutical. Approximately 15% of dye wastes after dying are being released into the environment. The compounds of dyes in water sources cause the depletion of dissolved O content, which prevents sunlight from reaching the water sources. Meanwhile, dye bioaccumulation in the marine environment can consequently introduce toxic chemicals to the human food chain. Dyes are a highly stable chemical with highly resistant photolysis properties, which makes them highly persistent in natural ecosystems.

The removal of dye compounds can be difficult, and several processes are used to reduce the dye concentration to the limits recommended by the WHO. These processes can be extremely effective for the removal of organic pollutants, such as dyes, but have the disadvantage of producing secondary wastes. [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} is a summary of different methods of dye removal and their advantages and disadvantages. Adsorption processes are attractive approaches for water treatment, particularly because the adsorbent is cheap, does not require a pretreatment step before its application, and is easy to regenerate. Adsorption, despite its problems associated with adsorbent disposal and postcontamination using adsorbents, is an effective and simple method that is relatively free from the concerns of generating unwanted byproducts and a good percentage of dye removal. It is preferable over other techniques in many applications because of the simplicity of the design, availability, and ease of operation. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} presents the differences between physical and chemical adsorption. Physical adsorption (physisorption) is caused primarily by weak van der Waals forces and is reversible. Physisorption consists of multilayers of adsorbate on the adsorption surface. If the forces of attraction existing between the adsorbent and adsorbate particles are almost the same strength as chemical bonds (covalent bonding), then the adsorption is chemical (chemisorption), which is single-layer adsorption. As mentioned in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, adsorption (physical) has several disadvantages, including the high cost of adsorbent, hard separation of the adsorbent from dye, and low surface area. Many researchers have focused on a solution for the adsorption disadvantages and the development of low cost and high efficient adsorbents to treat dyes.

![Physical and chemical types of adsorption.](ao0c01905_0001){#fig1}

###### Dye Removal Methods and Their Advantages and Disadvantages

                        methods                           advantages                                                disadvantages
  --------------------- --------------------------------- --------------------------------------------------------- -----------------------------------------------------------------------------------
  physical              adsorption                        high dye adsorption                                       high cost of adsorbent, hard to separate the adsorbent from dye, low surface area
  membrane filtration   effective for all types of dyes   sludge production, suitable for low volume of treatment   
  ion exchange          no loss of sorbent                not effective for disperse dyes                           
  coagulation           economically friendly             sludge production, need further steps like flocculation   
  chemical              Fenton reagents                   effective decolorization, low cost reagents               sludge production
  ozonation             effective decolorization          high operational cost                                     
  photocatalyst         low operational cost              formation of toxic byproduct                              
  adsorption            strong chemical bonds             agglomeration, low permeability, and poor mass transfer   
  biological            aerobic degradation               low operational cost, effective for azo dye removal       slow process, suitable environment for microorganism growth

Activated carbon (AC) has been the most promising adsorbent. It has high adsorption efficiency, large surface area, high porosity structure, and high surface reactivity. Different kinds of AC are available and used as catalyst or support of a catalyst and adsorbents. Therefore, for industrial-scale application, AC is one of the most important adsorbent materials. However, AC has difficulties in separation from water bodies and generates secondary pollution. Meanwhile, nonrecyclability is cost-ineffective and may limit its applications on a large scale in many fields. Traditional methods, such as filtration, can cause the blockage of filters or the loss of C. Thus, a material that would overcome these limitations should be developed. Different solutions have been studied. Depending on the characteristics of industrial wastewater, magnetic separation can be a promising treatment technique with easy and fast recovery. The use of magnetic adsorbents can enhance the thermal stability and the cross-linking density of the adsorbents. This technique has the potential to improve times and efficiencies of urban and drinking water treatment plants. This technique might also substitute industrial wastewater treatments. This technique combines a physicochemical phase of adsorption and a magnetic phase of filtration. The adsorbents combated of AC with magnetic particles possess high adsorption capacity and easily recover through the magnet. Many studies on the combination of AC and magnetic particles have been conducted. This work reports a comprehensive understanding of AC adsorption, regeneration in water treatment, and development of dye removal using magnetic activated carbon.

2. Activated Carbon and Dye Adsorption {#sec2}
======================================

2-1. Procedures for Activated Carbon Preparation {#sec2.1}
------------------------------------------------

The most common raw materials for activated carbon production are peat, wood, wood charcoal, lignite coke and lignite, bituminous coal, hard coal and coke, and petrol coke, as well as residual materials, such as sawdust, coconut shells, or plastic residuals. The important factor of starting materials is stability in quality, purity (low mineral and high carbonaceous content), ease of activation, cost of processing, low degradation during storage, and abundant availability. The process of activated carbon production, CO~2~, and metallic chloride-oxidizing agents as selective oxidizing agents is needed. This activation process needs extremely high temperature. Two methods of activation in producing activated carbon, including physical and chemical activation, are generally used to remove the most reactive C atoms from the structure. This process increases the surface area and porosity of activated carbons and significantly improves their sorption ability to a remarkable extent. Therefore, the additional costs of the operation process are bound to decrease. Accordingly, agricultural residues are phenomenal materials for the rescue of the environment.

Physical activation starts with the pyrolysis (carbonization) of the carbonaceous precursor at the temperature ranging from 600 to 900 °C, followed by an activation process using hot gases. The high activation temperature ranging from 800 to 1000 °C is required to ensure the burnoff level and maintain a high reaction rate. In this process, air, steam, or CO~2~ is used as the activating agent. The activating agent has a significant effect on the C properties and the degree of activation. Li^[@ref1]^ reported the production of super activated carbon (using KOH) with the maximum surface area value of 3362 m^2^/g and concluded that activation temperature (800 °C), time, and impregnation ratio had the highest effects on improving the surface area. The alkali KOH is a highly attractive activating agent.

The chemical activation process is preferred over the physical activation process to make coal-based activated carbon. Compared with physical activation, chemical activation will lower the inherent mineral content of the coal and produce activated carbon with a significantly low ash content. Another evident advantage of the chemical activation method is that the C yields are generally extremely high in the presence of chemicals. The surface area of the activated carbon via chemical activation is also generally high. Another study also proposed that chemical activation can cut energy consumption compared with the physical activation process because the activating agent is not required to be heated, and pyrolysis and activation are combined into one stage. However, physical activation is used for commercialized activated carbon thus far because of its low production cost.

2-2. Physical and Chemical Properties of Activated Carbon {#sec2.2}
---------------------------------------------------------

Activated carbon efficiency as an adsorbent is closely related to its significant physical and chemical properties, including total porosity, Brunauer--Emmett--Teller (BET) surface area (500--2000 m^2^/g), micro-/meso-/macropores, pore diameter (*D*), hydrophobicity, polarity, cation exchange capacity, acidic or basic character, electrostatic charge surface active sites, and different functional groups (such as aromatic ring, O and N) on its surface. [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"} presents the physical and chemical properties of activated carbon. Agricultural wastes with OH and COOH functional groups are considered as lightweight and porous materials. [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} presents the scheme of activated carbon functional groups. The applications of carbon-based materials are limited because of the leaching of several organic substances into the aqueous solution and their small surface area. Therefore, these materials require treatment to increase their surface area or be converted to activated carbon.

###### Physical and Chemical Properties of Activated Carbon

  --------------------------------------------------- ------------------------------------------------------------------------------------------------------------------
  adsorption capacity                                 5--5000 mg/g
  pore volume                                         larger pore volume, leads to larger pore size which increases the adsorption capacity
  range of 0.08--1.5 cm^3^/g                          
  BET surface area                                    higher surface area leads to higher adsorption capacity
  range of 500--3362 m^2^/g                           
  ash content                                         higher ash content considered as a disadvantage of activated carbon production (can be determined using furnace)
  range of 0.2%--37%                                  
  specific mass                                       120--240 g/m^2^
  density                                             high density more suitable for activated carbon applications
  range of 0.5 and 2200                               
  average pore diameter (*D*)                         higher pore diameter leads to a better activated carbon
  range of 0.2 and 50 nm                              
  activated carbon diameter                           5--25 μm
  porosity                                            very dependent on the activation process (physical or chemical process)
  higher porosity increases the adsorption capacity   
  range of 0.4 and 0.92                               
  --------------------------------------------------- ------------------------------------------------------------------------------------------------------------------

###### Schematic of Some Activated Carbon Functional Groups

![](ao0c01905_0011){#fx1}

The presence of phenol, COOH, carbonyl, and Lacton functional groups ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}, as essential binding groups for divalent metal) on the activated carbon surface can be enhanced by restricted activation or oxidation techniques with oxygen or liquid oxidants (nitric acid and hydrogen peroxide). The oxygen-containing functional groups (like carbonyl, carboxyl, lactone, and phenol) are usually related to the acidic surface properties and have a considerable influence on the arrangement and size of the elementary crystallites formed in carbonaceous adsorbents. It can be concluded from the literature that the concentration of the oxygen-containing groups on the surface plays an important role as these atoms really improved the adsorption capacity. In addition, the hydroxyl functional groups increase the adsorption capacity due to hydrogen bond interactions.^[@ref2]^ Carbonyl or carboxylic functional groups caused an improvement in adsorption capability of AC due to the lower values of the Henry's constant which caused higher affinity between the adsorbent and adsorbate. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(a) presents the scheme of the pore structure of activated carbon, and [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}(b) shows that the molecular structure of activated carbon consists of crystallites with a strongly disturbed graphite structure.

![(a) Porous structure of activated carbon and (b) molecular structure of activated carbon.](ao0c01905_0002){#fig2}

We prepared activated carbon from a coconut shell using NaOH as an activating agent. The significant characteristics includes pore size distribution, and surface area, and the ash content of activated carbon is very dependent on its preparation methods. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows the SEM and XRD images of prepared AC from a coconut shell. The SEM image shows the highly porous characteristics of AC full of cavities (like honeycomb structure). These meso- and micropores of AC act as a main role of pollutant adsorption (like dyes or heavy metals or other pollutants) in water. According to our results and the literature, the high porosity and high surface area are very important factors to achieve high adsorption capacity. The concentration of these pores and surface area can be enhanced using methods of activation.

![(a) SEM and (b) XRD images of synthesized activated carbon from a coconut shell.](ao0c01905_0003){#fig3}

2-3. Adsorption of Activated Carbon and Dependent Factors {#sec2.3}
---------------------------------------------------------

Activated carbon can adsorb a multiplicity of organic substances primarily by weak intermolecular interactions (van der Waals forces), in particular, dispersion forces. These attraction forces can be superimposed by π--π interactions in the case of aromatic adsorbates or by electrostatic interactions between surface oxide groups and ionic adsorbates. However, the oxidation and reduction of oxidized-treated activated carbon will form several electron-withdrawing acidic surface O groups, that is, mostly COOH and OH. These groups will remove the π electrons from the graphite layers of C, increase the affinity toward the water, weaken the π--π dispersion interaction with phenols, and inhibit the adsorption capacity of graphite. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows one of the first filtering methods in purifying water from contaminants and impurities using an activated carbon filter structure.

![Schematic filtering process of water impurities using activated carbon.](ao0c01905_0004){#fig4}

The adsorption capacity is correlated with pore size and volume (more than surface area), which are large or equal to the size of adsorbate molecules. The adsorption increases with increased molecule size of the adsorbates as long as no size exclusion hinders the adsorbate molecules from entering the pore system. The adsorbability of organic substances onto activated carbon increases with decreased polarity (solubility and hydrophilicity) of the adsorbate. The increase in adsorbent dosage results in high removal of the adsorbate from the aqueous phase. However, the dosage should be controlled to a certain limit because the higher adsorbent dosage may lead to low adsorption capacity, which is undesired from the economic point of view. Adsorption is a dynamic process, and the adsorption rate will be faster at the beginning because of the availability of additional activated sites for adsorption and their high concentration gradient. Generally, the crucial dependent factors for adsorption by activated carbon are as follows: (1) starting materials and preparation method; (2) nature of adsorbent: ash content, surface area, pore distribution, pore volume, particle size (granular, powered), functional groups, and polarity; (3) nature of adsorbate: molecular size, functional groups, and polarity; and (4) adsorption conditions: pH, temperature, ironic strength, adsorbent dosage, contact time, and the initial adsorbate concentration. (See [Supporting Information Table 1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01905/suppl_file/ao0c01905_si_001.pdf) that presents the adsorption capacity values of several studies from different biomass materials onto different dyes.)

The excellent adsorption application of activated carbon materials has been known for years. In our previous study,^[@ref3]^ we investigated the adsorption capacity of coconut shell AC with assistance from magnetic particles for MB dye removal. The dye removal efficiency of granular coconut shell activated carbon (200 Mesh) achieved 99.7% within 2 min, whereas the encapsulated AC on regenerated cellulose beads was hindered by the MB uptake and achieved complete adsorption after 90 min. This indicates that the time taken for dye to penetrate the interior of the encapsulated beads was long. However, encapsulation as beads is a very helpful and important method for separation and reduction of recovery costs. It can be concluded that AC powder could adsorb the dye pollutants or heavy metal pollutant molecules (with size of equal or smaller than AC pores) into the pores very fast.

2-4. Regeneration Technology {#sec2.4}
----------------------------

Regeneration is an important factor in the development of AC and could improve its economic feasibility. The regeneration of saturated AC is indispensable to minimize the operational costs and product waste. The main purpose of the regenerating process is to restore the adsorption capacity of an exhausted adsorbent and for further reuse, to make the technology cost-effective. [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} presents the methods of activated carbon regeneration and briefly explains their advantages and disadvantages.

###### Different Technologies for Regeneration of the Activated Carbon

  method                                                      advantages                                                                                                     disadvantages
  ----------------------------------------------------------- -------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------
  chemical                                                    simple,                                                                                                        low recoveries pertaining to both regeneration efficiency and textural properties
                                                              reduced carbon loss                                                                                             
                                                              good capacity for recovery of the adsorbates and regenerants                                                    
  thermal                                                     most widely used                                                                                               production of hazardous byproducts
  simple                                                      significant carbon loss                                                                                        
  time-consuming                                                                                                                                                             
  costly                                                                                                                                                                     
  weight loss                                                                                                                                                                
  electrochemical                                             in situ operation                                                                                              generation of strongly bound compounds
  lower energy consumption                                    when the pollutant concentration is low, the current efficiency for the decomposition of the organics is low   
  moderate temperatures                                                                                                                                                      
  avoiding chemical addition                                                                                                                                                 
  no carbon loss                                              presence of a final mud                                                                                        
  higher porosity recovery compared to thermal regeneration                                                                                                                  
  microwave-assisted regeneration                             short treatment time                                                                                           adsorption performance of the regenerated samples cannot be guaranteed for different retained pollutants
  low energy consumption                                                                                                                                                     
  high restoration of carbon porosity                                                                                                                                        

The thermal regeneration method is the most widely used method of regeneration, which is very time-consuming, suffering carbon loss, and costly in terms of energy consumption. There are only a few references about the dye adsorption capacity and reusability of synthesized AC after regeneration. Because separation and the recovery step of powder AC are very costly, time-consuming, and not very efficient, they are not suitable for industrial applications. Usually during the recovery step of powder-activated carbon, weight loss happens which significantly decreases the adsorption efficiency. Shende et al.^[@ref4]^ reported 40% carbon loss and destruction of the carbon structure after four-cycle regeneration.

Wang et al.^[@ref5]^ studied the adsorption abilities of AC and Fe~3~O~4~/AC after regeneration. The adsorption capacity of Fe~3~O~4~/AC decreased from 185.7 mg/g to 156.4 mg/g after five cycles, and the adsorption capacity of AC decreased significantly from 123.6 mg/g to 52.2 mg/g after five cycles. This could be due to the weight loss of AC during the regeneration process. Li et al.^[@ref6]^ studied the regeneration efficiency of Sludge-based activated carbon (SAC) onto the MB and RR 24 dye. They investigated that the adsorption abilities of SAC onto the MB and RR 24 dye after four cycles significantly decreased from 95% to 85% and from 94.8% to 38.3%, respectively.

Lu et al.^[@ref7]^ studied the adsorption efficiencies of regenerated AC for the red dye and yellow dye by various organic solvents, redox agents, and acids. The adsorption capacities of AC for red dye and yellow dye after three cycles decreased to 52% and 28%, respectively. They found that the free OH group in isopropanol (organic solvent for regeneration process) remains in regenerated AC. The presence of isopropanol molecules occupied AC surface sites and caused decrement of AC adsorption efficacy. [Supporting Information Table 2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01905/suppl_file/ao0c01905_si_001.pdf) presents AC adsorption abilities of more previous studies after the regeneration process. This table shows that the adsorption capacity of regenerated AC cannot return to its original capacity.

In regard to enhancing the regeneration and reusability process, we bring the AC adsorption technology a step forward, and improving the recovery and separation technology is one of the crucial stages that should be taken into serious consideration. Magnetic separation using magnetic adsorbents is a very helpful method to recover adsorbents and control the adsorption process, thus increasing the regeneration abilities of adsorbents and improve the economic feasibility. The schematic illustration of the magnetic AC recovery and reusability process is presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

![Schematic illustration of the magnetic activated carbon recovery and reusability process.](ao0c01905_0005){#fig5}

3. Advancement of Dye Removal Using Activated Carbon and a Combination of Magnetic Particles with Activated Carbon {#sec3}
==================================================================================================================

In the past decade, the effectiveness of magnetic activated carbon in removing pollutants, including various types of dyes from aqueous solutions, has been proven. Many studies are performed to remove the varicose type of dyes, which cause complications to the skin, eyes, and brain functions, etc. In 2002, Oliveira and his group^[@ref8]^ were the first group of researchers who combined the magnetic particles and activated carbon to use in water contaminant adsorption. This section contains a brief explanation including important results of the recent studies (2014--2019), type of biowaste, and magnetic particles used for the preparation of magnetic activated carbon, together with percentage removal of dye or removal efficiency.

In 2014, Ranjithkumar^[@ref9]^ studied the acid yellow 17 dye removal on a prepared activated carbon/α-Fe~2~O~3~ nanocomposite by a simple pyrolytic method using iron(II) gluconate using the batch technique. The adsorbent was characterized using FTIR, XRD, EDX, SEM, TEM, and VSM. The NP size of iron oxide is in the range of 5--17 nm. The maximum adsorption capacity of AC/α-Fe~2~O~3~ is 71.43 mg/g, which is lower than the obtained adsorption capacity of commercial activated carbon reported by this author (83.33 mg/g). The saturation magnetization (Ms) of the activated carbon/α-Fe~2~O~3~ nanocomposite is 5.6 emu/g, which is lower than other reported results. This result showed a decrease in Ms compared with bare α-Fe~2~O~3~. VSM results showed that α-Fe~2~O~3~ NPs are in a superparamagnetic state at room temperature. Therefore, AC/α-Fe~2~O~3~ can be attracted by a magnet, thereby making the solution clear, and the magnetic adsorbent can be used to remove pollutants from aqueous solutions.

Afterward, Ghaedi^[@ref10]^ studied the MB removal efficiency of synthesized copper oxide NPs loaded on activated carbon (*Callitris oblonga* wood (CuO-NP-AC)) using the multiple linear regression (MLR) model and least-squares support vector regression model with principal component analysis (PCA). The obtained adsorbents were characterized using FT-IR, SEM, and BET analysis. The effects of pH, initial dye concentration, contact time, amount of adsorbent, and temperature on adsorption capacity on the CuO-NP-AC were investigated. The BET surface area, pore volume, and average pore size are 82.723 m^2^/g, 0.026356 cm^3^/g, and 11.17095 Å, respectively. A model using PCA-MLR and PCA-LSSVM can successfully achieve a suitable model that constructs a valid prediction of the percentage of MB dye removal. The PCA-LSSVM showed higher predictive capability than the MLR model. The maximum adsorption capacity of magnetic adsorbent is approximately 10.54 mg/g. The main reason for low adsorption capacity in this study could be very low surface area, pore volume, and pore size. The SEM image ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) shows a coarse surface with irregular pores of CuO-NP-AC. The method of activated carbon preparation (carbonization and activation) could be the reason for blocked space and irregular porous structure and thus very low adsorption capacity.

![SEM images of CuO-NP-AC. (Reprinted with permission from ref ([@ref10]). Copyright 2014 Elsevier.)](ao0c01905_0006){#fig6}

In 2015, Reza^[@ref11]^ reported the synthesis of an Fe~2~O~3~\@activated carbon composite by the coprecipitation of iron salts onto activated carbon and its usage for removal of Remazol Brilliant Blue R dye from an aqueous solution. FTIR, SEM-EDS, P-XRD, TEM, selected area electron diffraction, VSM, and TGA were performed to characterize and measure the details of the obtained magnetic adsorbents. The saturation magnetization value is 26.99 emu/g, which is sufficient for magnetic separation. The high surface area of 1199 m^2^/g and pore volume of 0.9909 cm^3^/g can enhance the adsorbent dye removal efficiency. Reza reported temperature as an important factor of adsorption capacity with increased dye-solution temperature and a decrease in adsorption capacity. This result can be due to the increase in dye molecule entropy on the surface, which leads to the adsorbate movement from the solid surface to the liquid solution phase. The maximum adsorption capacity was achieved in an optimum temperature of 303 K, interaction time of 60 min, and pH of 3--4.

In 2016, Cazetta^[@ref12]^ synthesized a magnetic activated carbon adsorbent with a combination of carbonized biomass waste from coconut shells (Cb's) and FeCl~3~·6H~2~O as a precursor. These researchers studied the ability of organic dye adsorption, ease of separation, and recovery from the solutions. XPS, XRD, SEM, and TEM were performed on the obtained adsorbents. The surface area of adsorbents, the total pore volume, and average pore size varied in different magnetic material: activated carbon ratios from 372 (1:1) to 238 (3:1) m^2^/g, 0.21 to 0.11 cm^3^/g, and 2.26 to 1.98 nm. Thus, with increased magnetic particle content, the surface area, total pore volume, and average pore size decreased. The maximum adsorption capacity of the magnetic adsorbent with the lowest magnetic content for Sunset Yellow is 22.30 mg/g.

In 2017, Bagheri^[@ref13]^ reported the optimization of the dye removal of Fe~3~O~4~ magnetite NPs loaded on activated carbon (Fe~3~O~4~-MNP-AC) from aqueous solution to maximize the adsorption capacity using RSM. The prepared adsorbent was characterized using FESEM, TEM, XRD, and particle-size distribution. Three independent variables, including initial SY, MB, and EB dye concentrations (5--25 mg/L), adsorbent dosage (0.0048--0.0400 g), and sonication time (38--442 s), were used to optimize adsorption capacity. The obtained optimum values to maximize adsorption are predicted, as follows: initial SY, MB, and EB dye concentration (15, 15, and 25 mg/L), pH solutions (4, 6, and 5), sonication time (360, 360, and 240 s), and Fe~3~O~4~-MNP-AC (0.04, 0.03, and 0.032 g). The estimated particle size distributions using FESEM are approximately 50 nm. The maximum adsorption efficiencies of SY, MB, and EB dyes under the optimized conditions are 96.63%, 98.12%, and 99.65%, respectively.

In 2017, Altıntıg^[@ref14]^ reported the combination of AC obtained by the ZnCl~2~ activation of an acorn shell and magnetic particles. The obtained magnetic adsorbent (Fe-AC) was used to remove MB from aqueous solution. These researchers studied the effects of four independent variables, solution pH (3--9), initial concentration of pollutant (50--250 mg/L), adsorbent dosage (0.05--0.2 g/100 mL), contact time (5--60 min), and their interactions on the adsorption capacity of dyes. XRD, SEM/EDS, FT-IR, and BET analysis techniques were performed on adsorbents. The maximum adsorption capacities for AC and Fe-AC adsorbents at 298 K are 303 and 357.1 mg/g, respectively. The adsorption capacity of Fe-AC was higher than AC. Adsorbents with high surface area and small particle size increase the adsorption. The BET surface area and pore volume of AC were 870.3 m^2^/g and 0.27 m^3^/g, respectively. These were measured for Fe-AC as 940.1 m^2^/g and 0.230 m^3^/g, respectively. [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"} shows the SEM images of acorn shell, AC, Fe-AC, and Fe-AC-MB. This figure shows long and deep cracks on the surface of Fe--Ac after Fe loading on the porous structure of AC. However, the adsorption capacity after iron loading was increased which means that higher surface area was the main reason for higher adsorption capability. The adsorption/desorption cycling test indicated that the prepared Fe-AC adsorbent has good reusability performance, especially up to the fourth cycle.

![SEM image of (a) acorn shell, (b) AC, (c) Fe-AC, and (d) Fe-AC-MB. (Reprinted with permission from ref ([@ref14]). Copyright 2017 Elsevier.)](ao0c01905_0007){#fig7}

Saleh^[@ref15]^ studied the combination of amine groups with magnetic activated carbon as an adsorbent for MO dye removal. The obtained magnetic composite of AC-Fe~*x*~O~*y*~-branched polyethylenimine (BPEI) was characterized. The presence of abundant OH and an amine group has an excellent affinity toward the dye. The surface area, pore volume, and pore size of AC-Fe~*x*~O~*y*~-BPEI are 153 m^2^/g, 0.22 cm^3^/g, and 58 Å, respectively. The dye removal in 10 min is 100%, and the adsorption capacity is 526 mg/g. Thus, anchoring BPEI onto the surface of AC capacity eases adsorbent preparation, and fast uptake capacities can significantly improve dye adsorption.

Several researchers reported the decrease in surface area and adsorption capacity of magnetic NPs and activated carbon combination because the presence of magnetic NPs may occupy the most pore space within activated carbon powders, which cause the sharp decrease in surface area and adsorption ability for organic pollutants. The authors reported that in these cases the reason for the result is the lack of any adsorption ability of magnetic NPs for dye removal.

In 2018, Juang et al.^[@ref16]^ connected AC powders and magnetic Fe~3~O~4~ NPs (Fe~3~O~4~/AC nanocomposites) using a polyol-mediated solvothermal reduction method to remove MO dye from aqueous solution. The results of characterization showed that Fe~3~O~4~ particles are dispersed uniformly on the surface of AC, thereby maintaining high specific surface area. The BET surface area of AC and Fe~3~O~4~/AC nanocomposites are 799 and 705 m^2^/g, respectively. The researchers reported 12% reduction of surface area after magnetic fabrication, which is lower than the surface area reduction reported by other studies. The grain size of Fe~3~O~4~ NPs is in the range of 5--20 nm. The saturation magnetization of Fe~3~O~4~/AC nanocomposites is lower than commercial Fe~3~O~4~ particles. The adsorption capacity of AC powders is 384 mg/g, and the adsorption capacity of Fe~3~O~4~/AC nanocomposites is 324 mg/g, which showed the reduction adsorption capacity of 15% after magnetic fabrication. The prepared adsorbent can be easily recovered and reused from aqueous solution by applying a magnetic field.

In the same year, Juang et al.^[@ref17]^ fabricated magnetite/carbon nanocomposites and studied the effects of four independent variables, solution pH, initial pollutant concentration, adsorbent dose, contact time, and their interactions on the adsorption capacity of industrial dye removal from aqueous solutions. They reported that the adsorption ability of pollutants increases with increased C content, initial dye concentration, temperature, and magnetite/carbon nanocomposite dose. The BET surface area of samples increased from 360 m^2^/g to 840 m^2^/g with increased C content in a magnetite/C nanocomposite adsorbent. The activated carbon and magnetite surface area are 890 and 75 m^2^/g. The range of magnetite crystallite sizes that was calculated using a Sherrer equation is 12--21 nm. The maximum adsorption capacities for Nylosan Blue, Chromazurol S, and Basic Red 2 are 223.82, 114.68, and 286.91 mg/g, respectively. Hence, the prepared magnetite/carbon nanocomposites showed good magnetic separation efficiency and simplicity, stability, and reusability in several (more than seven) adsorption--desorption cycles.

Feiqiang^[@ref18]^ studied the toxic dye adsorption of synthesized magnetic activated carbon (MAC), which is a combination of ferric chloride (FeCl~3~·6H~2~O) into activated carbon from a peanut shell. He reported that the surface areas, pore volumes, and adsorption capacity of CO~2~-MAC increased with increasing Fe content and were maximized for the sample CO~2~-MAC10. However, adding more Fe content to the samples caused a decrement of adsorption capacity from 747.03 mg/g (CO~2~-MAC10, optimum value of adsorption capacity) to 699.91 mg/g (CO~2~-MAC15). The surface area and pore size decrease from 722.34 m^2^/g to 667.40 m^2^/g and from 2.035 to 1.845 nm. Hence, the introduction of FeCl~3~·6H~2~O is conducive to the development of nanoscale pore structure to a certain extent. The saturation magnetization value of CO~2~-MAC10 is 6.22 emu/g and showed ferromagnetic properties. The CO~2~-MAC10 adsorbent presented superparamagnetic behavior when the Mr/Ms ratio is \<25%, which indicated that the MAC particles can be separated by a magnet and redispersed. The synthesized magnetic activated carbon in this study obtained the highest adsorption capacity among other studies. Very high surface area and pore size are the main reasons for high adsorption capability. Increasing the Fe content until the optimum amount could help for adsorption capacity and surface area increment. However, more Fe content occupied some of the void spaces and decreased the adsorption capacity. In addition, the presence of CO~2~ as activated agents was very efficient and promoted the formation of thermodynamically stable Fe~3~O~4~. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the graphical abstract and SEM images of MAC. The SEM images show no porous structure since micropores are dominant in MACs. The figure shows that the nanoparticles are well dispersed on the MAC surface.

![(a) Graphical abstract and (b) SEM images of magnetic activated carbon. (Reprinted with permission from ref ([@ref18]). Copyright 2018 Elsevier.)](ao0c01905_0008){#fig8}

Tuzen^[@ref19]^ studied the dye adsorption of synthesized magnetic AC/CeO~2~, which is a combination of activated carbon from waste scrap tires and bimetallic Fe and Ce NPs. This adsorbent is a combination of high surface area and the active sites for enhanced RhB dye removal from aqueous solutions. The morphological, chemical, thermal, and surface properties of the magnetic AC/CeO~2~ adsorbent were characterized using the FT-IR, SEM, EDX, TEM, and surface area analysis. The adsorption capacity is 324.6 mg/g at the pH of 5. The BET surface area and pore volume of the AC/Fe/Ce are 423 m^2^/g and 0.65 cm^3^/g, respectively. The recovery percentage of adsorbed RhB using 5 mL of ethanol as an eluent from the magnetic adsorbent is 80%. These cycles can be continued by 10 treatment cycles. The RhB dye removal percentage is 75% yield and reached 35% and 22% after 10 cycles of the adsorption and desorption. Hence, the fabricated Ac/Fe/Ce nanocomposite sorbent has good properties because of its high surface area, high adsorption capacity, reusability, and cost-effectiveness.

In 2019, Abdel-Ghani^[@ref20]^ studied the adsorption of Coomassie brilliant blue dye onto a magnetized activated carbon nanocomposite (MNSA) prepared from *Nigella sativa* L. waste. IR spectroscopy, SEM, and N~2~ adsorption/desorption were performed to characterize MNSA and investigate its adsorption properties. Four independent variables, including contact time (1--3 h), initial dye concentration (40--80 mg/L), initial pH solution (2--4), and adsorbent mass (3--50 g), were used to investigate their influence on the adsorption capacity of MNSA for Coomassie brilliant blue dye. The surface area and total pore volume of the magnetic C material are 106.4 m^2^/g and 0.220 g/cm^3^, respectively. pH is the most critical variable in dye removal (65.15%). The low pH value of 2 adsorbed the maximum percentage of dye, and increasing the pH decreased the value of the adsorption capacity significantly. Thus, for further experiments, the pH was fixed at 2. After pH, the mass of adsorbent is the next most important factor for optimization (11.63%), and its increase leads to decreased adsorption capacity. The third one is the interaction of four factors (pH·°C·*m*·*t*, 4.75%), and then the fourth one is initial concentration (1.87%). The increase in the initial concentration decreases the removal percentage. Hence, the optimum conditions are as follows: pH = 2, Co = 40 mg/L, *m* = 30 mg, and *t* = 3 h. The obtained maximum adsorption capacity with the optimized condition is not mentioned in this study.

Wang et al.^[@ref5]^ synthesized magnetic activated carbon nanospheres (MACSs) using hydrothermal and pyrolysis methods. XRD, FTIR, TEM, FESEM, EDS, and TGA-DSC were performed to characterize the obtained MACS. The results confirmed the formation of shell--core-structured MACS and showed that Fe~3~O~4~ NPs are dispersed mostly on the activated carbon nanosphere surface. The particle size of the samples is estimated to increase from 2.4 to 10.8 nm with increased calcination temperature from 500 to 900 °C, and the porous structure for C materials is created. The surface area of samples decreases (MACS-500: 156.34 m^2^/g, MACS-700: 153.21 m^2^/g, MACS-900: 103.87 m^2^/g) with increased calcination temperature (500 °C, 700 °C, and 900 °C). The surface areas for the pure activated carbon sphere and Fe~3~O~4~ are 127.75 and 8.74 m^2^/g, respectively. The average pore diameters (*D*~average~) of ACS, MACS-500, MACS-700, MACS-900, and Fe~3~O~4~ are 2.76, 5.48, 7.45, 12.36, and 28.34 nm, respectively. The decrease in *D*~average~ with increased temperature can be due to the collapse of the C structure at high temperatures. The maximum adsorption capacity of 192.64 mg/g at 298 K can be obtained on MACS-700. The adsorption capacity of magnetic activated carbon with further calcination at 700 K is 156.4 mg/g after five cycles, on which ACS decreases from 123.6 mg/g to 52.2 mg/g. The results demonstrated that magnetic activated carbon can be regarded as an efficient adsorbent for the removal of anionic dyes in the future. The shell--core-structured MACS can be considered as a potential adsorbent for the removal of anionic organic dye in wastewater industry.

Moosavi et al.^[@ref3]^ synthesized regenerated cellulose (bleached kenaf) beads functionalized with activated carbon (AC), as well as magnetic cellulose beads of AC-Fe~3~O~4~ and AC-CoFe~2~O~4~ as adsorbents for MB dye removal. The adsorbents were characterized by FESEM, EDX, and TGA. The maximum adsorption capacity of AC, AC-Fe~3~O~4~, and AC-CoFe~2~O~4~ cellulose beads was 54, 53, and 50 mg/g, respectively. These results showed that the presence of magnetic nanoparticles did not reduce the adsorption capacity significantly and could help for simple magnetic separation after adsorption. The particles sizes of the synthesized Fe~3~O~4~^[@ref21]^ and commercial CoFe~2~O~4~ were nanosized and could penetrate to the porous structure of cellulose beads. In this research, cellulose beads encapsulate the materials inside their structure and have the main role in easy magnetic separation after adsorption. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} shows the SEM images of cellulose/AC and cellulose AC/Fe~3~O~4~. As the figure shows, Fe~3~O~4~ nanoparticles blocked some pores of cellulose/AC beads, but the adsorption capacity did not decrease significantly.

![SEM images of: (left one) cellulose/AC and (right one) cellulose AC/Fe~3~O~4~.](ao0c01905_0009){#fig9}

Jiang^[@ref22]^ studied the adsorption of cationic dye (MB) from aqueous solution using a combination of activated carbon from carbon sugar cane bagasse (SB) and iron oxide (Fe(NO~3~)~3~·9H~2~O), with a mass ratio of 1:1.5 as a magnetic adsorbent by a simple microwave method. The prepared magnetic SB activated carbon (MSBAC) wAs characterized using SEM, XRD, BET, and FT-IR. In their experiments, the pH ranging from 2 to 10 has no significant effect on adsorption capacity. The removal percentage of MB dye increases from 77.06% to 94.03% at 120 min with increased temperature from 30 to 60 °C. Dye adsorption also increases with increased time at different temperatures. Increasing the adsorbent dosage from 1 to 5 g/L increases the dye removal percentage from 26.30% to 86.62% and then changed slowly as MSBAC dosage continued to increase from 5 to 8 g/L. Therefore, the adsorbent dosage of 5 g/L is the optimum amount. Increasing the initial dye concentration from 100 to 1000 mg/L increased the adsorption capacity from 18.35 to 36.03 mg/g. The surface area and pore volume of MSBAC are 109.07 cm^2^/g and 0.1147 cm^3^/g, respectively. The maximum adsorption capacity is 36.14 mg/g. Regeneration was studied after the adsorption process and calcination of MSBAC at 300 °C for 30 min and then reused in the adsorption. The regeneration percentage is 83% at the fourth cycle, which presents highly efficient regeneration adsorption of MSBAC by a simple calcination method.

Liu^[@ref23]^ prepared the adsorbent by mixing the Fe~3~O~4~ nanoparticles and activated carbon (Fe~3~O~4~/AC) using a one-step diol-thermal decomposition process for RhB and MO removal from an aqueous solution. XRD, TEM, FESEM, VSM, UV--vis, BET, FTIR, and N~2~ adsorption--desorption were carried out to characterize and determine the properties of the prepared adsorbents. Scherrer's equation showed that the estimated average particle sizes of pure Fe~3~O~4~ and Fe~3~O~4~/AC are 5.8 and 11.7 nm, respectively. The saturation magnetization of 16.5 emu g^--1^ and remanent magnetization of \<0.3 can guarantee the sensitive magnetic response even at a low magnetic field. The specific surface area of Fe~3~O~4~/AC and pure AC is ∼1200 and 750 m^2^/g, respectively. The total pore volumes of Fe~3~O~4~/AC and pure AC are 0.765 and 0.492 cm^3^/g, respectively. This result showed that the presence of Fe~3~O~4~ can increase the value of the BET surface area, make the adsorbent porous, and enhance the dye adsorption. A wide pore volume contributes to the fast interdiffusion of the dye molecules through interconnected and low-resistance channels. The maximum adsorption capacities for RhB and MO are 182.48 and 150.35 mg/g, respectively. Therefore, under the same conditions, the adsorption capacity of basic dye (RhB) is always much higher than that of acid dye (MO) because of electrostatic interaction.

4. Magnetic Recovery {#sec4}
====================

After wastewater treatment using AC, it has been traditionally discarded with the process sludge, resulting in secondary pollution. Thus, the difficulties encountered in spent AC separation and regeneration limit its applications in many fields. Regeneration is an essential process as it prevents the secondary pollution and re-establishes the removal efficiency of the magnetic composites. Magnetic separation has considerable advantages compared with the traditional methods performed for adsorbent recoveries, such as membrane or cross-flow filtration, centrifugation, and sedimentation. This method is much faster in terms of recovery, is easier to operate, can solve environmental problems, is more energy-efficient, and is more selective than traditional methods. With a magnetic core in the adsorbent composite, the magnetic separation process can be easily performed. The significant advantage of using a magnetic separation method is that the magnetic field can go through most materials like plastic and glass. Magnetic separation is a noninvasive technology with no physical interaction with the adsorbents to avoid any possible contamination of the water after the dye removal process. Finally, this method allows a wide range of treatment operations because it is not sensitive to factors such as pollutant concentration and temperature or pH of the solution. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"} presents the schematic illustration of magnetic AC recovery. As the figure shows, the magnetic AC adsorbents were separated from treated water using fast and easy magnetic separation (with a strong magnet) and reused for the next cycles.

Most of the reviewed study performed the recovery and reusability of magnetic adsorbent on a laboratory scale. After dye removal, the permanent magnet was used next to the glass beaker to separate the magnetic adsorbents from the treated water. [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows separation of magnetic adsorbents from treated water using a strong magnet. Researchers carried out this process for several cycles to determine the reusability of their magnetic adsorbents. The study conducted by Tuzen^[@ref19]^ showed that the magnetic AC/CeO~2~ nanocomposite adsorbent can tolerate up to 10 cycles of this process. After 10 cycles, the dye removal percentage reaches 33%. Other reviewed works generally reported up to seven cycles of separation and recovery, which is considered a good result because the dye removal percentage is extremely close to the first step of dye removal.

![Magnetic separation of magnetic bead adsorbents from treated solution by an external magnetic field](ao0c01905_0010){#fig10}

Do^[@ref24]^ studied and compared the adsorption capacity and regeneration of AC/Fe~3~O~4~ nanoparticles and AC. The adsorption capability of AC/Fe~3~O~4~ and AC for five cycles decreased from 260 to 175 mg/g and 300 to 6 mg/g, respectively. The adsorption capability of reused AC dropped to around 2% in the first cycle. The reason could be the loss of carbon due to attrition, burnoff, and washout during the regeneration of AC. High regeneration efficiency of the magnetic AC/Fe~3~O~4~ nanoparticle compared to AC implyied that the presence of the Fe~3~O~4~ nanoparticles is beneficial for achieving high regeneration efficiency. Zhang^[@ref25]^ studied the regeneration efficiency of CuFe~2~O~4~/AC and powdered AC for azo dye AO7. The removal efficiency of CuFe~2~O~4~/AC after the first cycle of regeneration was 97% and after four cycles decreased to 54%, from 199 to 109 mg/g. They reported that the powdered AC was difficult to thermally regenerate (needed much higher temperature for the regeneration process) and was not efficient. Thus, the good low-temperature regeneration and high removal percentage showed that the magnetic AC composite could offer a much higher regeneration efficiency than the AC alone. Altıntıg^[@ref14]^ studied the comparison of AC and Fe-AC adsorption capacity and regeneration efficiency. The adsorption capacities of AC and Fe-AC were 303.0 and 357.1 mg/g, respectively. The Fe-AC adsorbent showed good reusability performance especially up to the fourth cycle with no significant reduction of removal percentage. The removal efficiency of Fe-AC reduced from 97% to 55% after seven cycles. They did not report on the reusability of AC.

In most cases, after a critical number of recycling steps, the dye removal percentage decreases slightly. This decrement can be due to two reasons. First, during the recovery step of magnetic adsorbents, loss of materials (such as loss of activated carbon) may occur, which decreases the adsorbent dose and materials needed to adsorb dyes for the next cycle. Hence, the adsorbent recovery is not complete. Second, during recovery steps, magnetic adsorbents might have changes in their properties, such as fouling and aggregation. Reducing surface area and active site surface can also occur because of the irreversible particle aggregation in the high gradient region during reusing cycles. Therefore, the magnetic adsorbents should be removed from the cycles after reaching their maximum lifetime to avoid material leaching into treated water. [Supporting Information Table 3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01905/suppl_file/ao0c01905_si_001.pdf) presents more examples of magnetic AC and AC removal efficiency after regeneration processes.

Recently, the magnetic derivative of AC has been considered a promising remediation technique. The magnetization of the adsorbent allows easy separation by an external magnetic field. In comparison with other treatment techniques like flocculation, it produces no contaminants and can remediate a large quantity of wastewater within a short period of time. Magnetic adsorbents have been employed for dye and heavy metal removal as well as biomedical organic and inorganic contaminant remediation. The use of magnetic AC is considered a sustainable remediation technique due to the reusability of the spent adsorbent. Moreover, regeneration or reactivation can be conducted to restore the adsorbed material and reactivate the spent adsorbent. The reactivated magnetic AC can be used several times, making the process eco-friendly and economic. Magnetization of AC reduces both the remediation time and the cost of wastewater remediation. The limitations of powder AC may be overcome by the magnetic AC composite, a low-cost and high effective adsorbent, which attracts considerable attention nowadays. Magnetic filtration is an advanced technology in water purification steps, which can provide efficient and rapid removal of contaminants from water. Inexpensive adsorbents could be developed that can bind to environmental contaminants and then be magnetically separated. A comparison of the AC and magnetic AC performance after treatment in [Supporting Information Table 3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01905/suppl_file/ao0c01905_si_001.pdf) reveals that magnetic particles clearly improved the regeneration abilities of adsorbents. This table shows that the adsorption capacity of regenerated AC cannot resume to its original capacity. Therefore, the main advantage of magnetic AC adsorbents over the traditional adsorbents is that they can be easily separated from solution using a simple magnetic separator even if the solution contains a significant concentration of solids.

5. Future Direction and Challenges in Wastewater Treatment with Magnetic Activated Carbons {#sec5}
==========================================================================================

Most studies focused on the adsorption of pollutants onto activated carbon and magnetic activated carbon from various sources, without carrying further study into the underlying mechanisms that control the adsorption behavior. Nevertheless, the number of studies that suggests the role of functional groups on the adsorbent's surface in enhancing its adsorption efficiency toward a specific adsorbate is increasing. When introducing the correct functional groups onto adsorbents, large adsorption capacity can be produced.^[@ref26]^ The effect of magnetic particles compared with magnetic nanoparticles of the same materials on the adsorption capacity of adsorbate, the time needed for the wastewater treatment process, and the decrease in the additional cost need to be studied separately.

The magnetic nature of activated carbon and magnetic activated carbon makes them attractive for wastewater treatment because of their easy separation from the aqueous medium after purification and can be reused in repeated treatment cycles. However, research for bulk production, controlling morphology, optimizing surface functionality and their stability, and biocompatibility should be essentially considered prior to the commercial application from a laboratory scale. Further studies need to be addressed to the detailed mechanism of magnetic nanomaterials in water treatment. The magnetic nanoparticles and their composites with their high surface-to-volume ratio offer additional surfaces for chemicals and physisorption, thereby showing high reactivity. This phenomenon results in the prospects of using these materials in large-scale removal of emerging water pollutants.

Although a considerable amount of previous studies have discussed magnetic adsorbents, several challenges still need to be addressed. These challenges included the following:Investigations of the adsorption capability of different magnetic adsorbents with real industrial effluents.Investigation of the removal capability of the adsorbents in a fixed bed column.A detailed assessment of magnetic adsorbents in the case of multipollutant solutions

6. Conclusion {#sec6}
=============

This mini-review aims to identify a broad range of magnetic adsorbents for removing pollutants with the aid of activated carbon. The combination of the two materials with the application of a magnetic field offers a remarkable advantage over other adsorbents in water treatment. The dye adsorption of this combination, including materials, properties, adsorption details, and their separation and magnetic recovery step, is reviewed. The use of magnetic materials aids the process of separation and recovery. Most studies showed that magnetic activated carbon exhibited high surface area and active sites, which lead to high adsorption capacity. The magnetic materials in this combination also do not contribute to any drawback on the porosity structure of activated carbon and dye removal performance. Hence, these magnetic materials are potential options in replacing conventional adsorbents in the water-treatment industry. Hence, magnetic activated carbon can be used as a promising adsorbent in this industry. Nevertheless, the application of magnetic activated carbon is still limited and requires increased attention to the properties and processes. Adsorbents with excellent adsorption efficiency and reusability in the dye removal of wastewater treatment will be successfully commercialized for large-scale removal of emerging water pollutants to benefit society.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01905](https://pubs.acs.org/doi/10.1021/acsomega.0c01905?goto=supporting-info).Adsorption capacity of AC, the regeneration efficiency of AC, and removal efficiency of AC and magnetic AC after the regeneration process ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01905/suppl_file/ao0c01905_si_001.pdf))
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